Internodal cells of Chara were separated with a Plexiglas divider into two segments and the vibrating probe was used to investigate the extracellular current profiles that formed along these two surfaces. Treating one segment of the Chara cell with K+ concentrations greater than 2 millimolar caused a dramatic reduction in the extracellular current pattern in this compartment. Concentrations of 5, 10, and 20 millimolar K+ were used to establish that a normal current profile could be maintained along the cell surface in the control compartment, whereas the extracellular current profile was strongly reduced along the entire cell surface that was located in the second, high-K+ compartment. Simultaneous measurements of the membrane potential in the two segments of the divided Chara cell established that, in the presence of elevated K+ concentrations, a longitudinal voltage gradient of up to 60 millivolts was maintained. Experiments in which the pH value in one compartment was either decreased (pH 6.0) or increased (pH 11) gave rise to a reduced extracellular current profile along this segment of the cell, whereas the pattern in the control segment remained unaltered. These results are discussed in terms of the cellular spatial control system that must function to regulate the regions of outward and inward current, and the concept of autonomous local area (domain) control is presented.
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Characean cells develop alternating acid and alkaline areas on their surface (7, 9, 12) . These areas can be identified by measuring the external pH and extracellular current profiles with either a pH microelectrode or the vibrating probe, respectively (12) . Such experiments have established that alkaline and acid areas correlate with regions of positive (inward) and negative (outward) current density, respectively (12) . Lucas (10) postulated that exogenous bicarbonate for photosynthesis is taken up into the Chara cell in the acid regions, via a putative H+-HCO3i cotransport system.
One of the most interesting issues regarding the spatial pattern formation is the question concerning the origin and function of the endogenous control system that regulates the formation and operation of the acid and alkaline areas, which only become activated when Chara cells are illuminated. Although little is known concerning the origin of this particular control system, it is clear that one of its main functions relates to the integration of the outward and inward currents to give a steady-state net current of zero.
'This work was supported by National Science Foundation grant DCB-88-16077 to W. J. L. Toko et al. (20) tried to explain the formation of the acid and alkaline bands in Chara on the basis of nonequilibrium thermodynamics. In their model, light was postulated to act as a bifurcation parameter, which transfers the control system to a state that is far removed from the equilibrium state. These workers proposed that in this condition, the Chara cell can develop a self-organized state (15) with acid and alkaline regions. Active H+ fluxes were modeled by a positive feedback mechanism that predicted an increase in the export of H+ with decreasing extracellular pH. No experimental support for this hypothesis has presently been reported.
More general models that may be capable of describing the banding phenomenon of characean cells involve reaction diffusion systems (14, 22) . In these models, wavelike patterns are propagated that involve the distribution of chemical concentrations inside the cell or organism (l1). Experimental evidence consistent with the involvement of such a system in characean cells was recently obtained by Fisahn et al. (2) . Vibrating probe studies established that in Nitella cells oscillations occur at the boundaries between outward (acid) and inward (alkaline) regions of current. Fisahn et al. (2) assigned these oscillations to an instability in the spatial control system, but they could equally well reflect the operation of two interacting chemical control systems.
Another feature ofthe pH banding phenomenon that needs to be incorporated into a model of the control system relates to the discovery that the extracellular current profile of Chara and Nitella cells can be inverted in polarity (4) . This finding, along with the fact that inversions can occur within 20 to 30 s, led Fisahn and Lucas (4) to propose that the acid and alkaline bands are formed by the operation of a class II transporter functioning either as a H+-ATPase or a H+ channel (13) . Finally, Fisahn and Lucas (5) have recently established a correlation between the extracellular current profile and intact microtubules. However, the functional role of microtubules in spatial control needs further elucidation.
Given the magnitude of the currents that circulate between the acid and the alkaline regions of the Chara cell (12) , it is clear that a penultimate aspect of the spatial control system will be the establishment of zero net current under steadystate conditions. To achieve this state the spatial controller must be able to perform some form of integration of the currents flowing through the regions of outward and inward current. In the present study we These experiments established that the physical compartmentation of Chara internodal cells caused slight readjustments in the extracellular current pattern, but that the normal spatial control system remained operational under these experimental conditions. Photosynthesis (8, 1 1) and the pH banding pattern of Chara are both strongly reduced when the K+ concentration of the bathing solution is raised above 3 mm K+. We used these findings, in conjunction with the divided chamber system, to test whether the spatial control system of Chara could function in the "control" segment when the K+ channels had been opened along the other region of the plasma membrane.
Results of a representative experiment in which the K+ concentration was increased from 0.2 to 1, 5, 10, and 20 mm KCl are presented in Figure 4 . The control profile in the left compartment (CPW/B) remained essentially unchanged during this experiment. As expected, increasing the K+ concentration in the CPW/B to 1 mM KCl had no effect on the Solution trap Figure 2 . Plexiglas chamber used for the simultaneous measurement of the membrane potential in each segment of a divided Chara internodal cell. The Chara cell was first placed in the central groove, and the two Plexiglas holding blocks were advanced to hold the cell firmly against two stainless steel holding pins. A small Plexiglas cell divider was used to physically separate a Chara cell into two segments. To prevent solution exchange between the two compartments, the small cell divider was sealed into place with Hi-Temp-Vac Silicone-base-Lubricant.
Experimental Solutions CPW/B contained 1 mm NaCl, 0.2 mm KCl, 0.2 mm CaCl2, and 1 mM NaHCO3 (pH 8.2). For some experiments the pH value of the CPW/B was adjusted using either 5 mM MesNaOH (pH 6) or 5 mm CAPS-HCl (pH 10 and 11).
RESULTS
Prior to installing the upper portion of the cell divider (Plexiglas barrier) each experimental Chara cell was scanned, in the light, for 2 h with the vibrating probe to ensure that a steady-state control pattern was operational (Fig. 3) . Mounting of the Plexiglas barrier resulted, in almost every case, in a very slight shift in the extracellular current profile (Fig. 3A) , but in some cases the profiles readjusted their zero current boundaries by up to 1 mm (Fig. 3B) . Reduction an extracellular current pattern in the pretreated (pH 6) section. This experiment was performed in triplicate, with similar responses being recorded; again the extracellular curlular current profile in the right half of the Chara cell rent pattern along the control segment was unaffected by such contrast, in the presence of 5, 10, and 20 mM K+ the manipulations in bathing medium pH values. lular current profile along the segment exposed to Raising the external pH value from 8.2 to 11 in one wvated K+ levels was almost completely inhibited. compartment of the divided Chara cell also caused a strong brane potentials were also measured in both segments reduction in the extracellular current pattern. Distance Along Chara Cell (mm) Figure 7 . Influence of an alkaline pH treatment on the exti current pattern of a divided Chara internodal cell. A 1 h exp the experimental segment to CPW/B-pH 11 caused a stron tion in the extracellular currents along this segment (scale ordinate applies to this situation). Note that the two alkalir nearest to the divider changed their polarity from inward to regions of current. Extracellular current profiles along the segment were not affected by the application of a CPW/I treatment to the experimental segment.
circumferential positions around the Chara cell. 10 turbations result in a deactivation of a single band, with the other bands remaining completely unaffected. Thus, one way of maintaining stability of the nonhomogeneous state, following a physical perturbation of the boundary conditions, requires the control of transition regions between acid and 0 alkaline bands (current zero regions) in the vicinity of the perturbation.
Opening the K+ channels along one segment of the plasma membrane (1, l1) resulted in a dramatic reduction in the extracellular currents associated with this portion ofthe Chara cell (Fig. 4) . However, the influence of this change in K+ -10 conductance remained localized, with the control current pattern remaining essentially unaltered. This response unambiguously establishes the fact that the control mechanism involved in current regulation (balance) does not function on racellular a global or cellular level. Rather, subunits of the cell appear )osure of to be able to function autonomously in adapting to local ig reducchanges in the bathing medium in a manner which directly on right involves adjustments in the magnitude of the outward and outward inward currents. m control This conclusion is supported by the result obtained from 'B-pH 11 experiments in which the bathing medium pH value was adjusted to either pH 6.0 or pH 11.0. Changing the form of the DIC from HCO3-to CO2 resulted in a loss of extracellular current along the experimental segment of the Chara cell, me cells whereas the current profile along the control segment again ymmetremained unaffected by this manipulation in the bathing i Figure  medium (Fig. 6) . Similarly, exposing one segment of a Chara )pposite cell to CPW/B-pH 1, in which almost all of the DIC would ansition be present as C032, only resulted in a localized change in if single extracellular current activity (Fig. 7) . ig. 8).
In view of these findings, it would appear that we have established, unequivocally, that one element of the spatial control system of Chara involves the activation and operation of local autonomous regions in which outward and inward cid and currents are integrated to give rise to zero net current crossing ra may the plasma membrane in this domain. (20) ocal per- symmetry as evidenced from the data presented in Figure 8 . An important prediction of the reaction diffusion-driven, pattern-forming model is that standing concentration gradients should exist within individual cell types. Thus, the data presented in Figure 5 support the notion that such gradients (electrical/chemical) can exist in Chara internodal cells. These findings are consistent with our recent studies in which we simultaneously measured the membrane potential in the center of the acid and alkaline regions of a Chara cell. Here we found that a light-induced electrical potential gradient of approximately 24 mV was present in the axial, or longitudinal, direction (4) .
A comment is also necessary concerning the extent of interaction between the two segments of the Chara cell with respect to the establishment of a steady-state membrane potential. Application of 5 mM K+ to the experimental cell segment resulted in a depolarization of the membrane potential in both segments (Fig. 5 ). This could have been due to the initiation of an action potential (3, 6) , but even if this were the case, the recovery of the membrane potential in the control segment was quite slow. In addition, the time course for the K+-associated change in the membrane potential in the K+-treated segment of the Chara cell paralleled the changes that occurred in the control segment. These characteristics suggested that some form of long range control is operational in the Chara cell system. Earlier studies that utilized a multicompartment chamber to characterize the membrane properties ofperfused Chara cells (17, 18) assumed that there was no interaction between neighboring segments of the internodal cell. Clearly this assumption is no longer justified.
CONCLUSIONS
The cellular control mechanism responsible for the acid and alkaline banding pattern of Chara involves the establishment of autonomous local area control over inward and outward H+ currents. An important aspect of this patternforming mechanism is very likely to involve a reaction diffusion element. Future studies will explore the exact nature of the chemical species involved in such a reaction diffusion control system. LITERATURE CITED
